) were found in medium with 30 mgl -1 Pb (CH 3 COO) 2 and pH 6, the highest proline content was found in 30 mgl -1 Pb (NO 3 ) 2 and pH 6. This study depict an inverse relationship between lead accumulation in the test algae and low pH which suggests that proline might be produced at the expense of the material(s) required for the development of S. platensis.
INTRODUCTION
Metals are continuously released into the biosphere by volcanoes, natural weathering of rocks, and/or industrial activities such as mining, combustion of fossil fuels and the release of sewage (De-pledge et al., 1994) . Toxic heavy metal contamination is a worldwide aquatic environmental problem and makes it necessary to develop efficient methods for proper removal of metal pollutants. The removal of toxic metal ions from wastewater using biological materials such as algae, bacteria, fungi and peat moss has proved to be commercially promising (Volesky, 1990) . Especially, microalgae have been found to be very effective biosorbents in removing heavy metals from wastewater because of their large surface area and high binding affinity (Roy et al., 1993) . Cell wall of microorganisms consisting mainly of polysaccharides, proteins and lipids, offers many functional groups such as carboxylate, hydroxyl, thiol, sulphonate, phosphate, amino and imidazole groups binding metal ions (Ariff et al., 1999) . Algae are able to tolerate certain concentrations of heavy metals through either the following general mechanisms: exclusion from cells and intracellular detoxification (Hall, 1981) . The intracellular metal detoxification mechanisms comprise binding with metal-binding peptides and proteins, binding and precipitation within the cytoplasm and/or vacuole (Reed and Gadd, 1990 ) and sequestration with electron-dense polyphosphate granules. Many plants accumulate high concentrations of proline when treated with toxic concentrations of heavy metals (Costa and Morel, 1994) . Proline plays important roles in osmoregulation, protection of enzymes, stabilization of the machinery of protein synthesis, regulation of cytosolic acidity and scavenging of free radicals (Smirnoff and Cumbes, 1989) . A few reports have also been made on algae . Proline accumulation in plants also takes place in response to stresses such as salinity (Lutts et al., 1996) , drought (Ibarra-Caballero et al., 1988) , and low and high temperature (Naidu et al., 1991) . Many researchers believe that proline accumulation is a symptom of injury which does not confer tolerance against metal or other stresses (Lutts et al., 1996) .
A lot of studies in which Spirulina have been used as biosorbents for heavy metals, may be useful for low cost industrial wastewater treatment where rapid removal of several heavy metals is needed (Rangasayatorn et al., 2002; Pane et al., 2008; Şeker et al., 2008) . Some metals such as zinc, iron and manganese are involved in the metabolism of algae which are essential at low concentration rates for the activity of several enzymes; they accumulate in cells when they are present in excessive amount, causing toxicity and serious damage in metabolic pathways (Albergoni et al., 1980) . Other metals such as lead and mercury, do not enter the metabolism of living beings, so they are considered non-essential and act as serious cell toxicants even at low concentration rates (Moreira, 2001) . Spirulina platensis (Cyanobacteria), a genus of bluegreen photoautotrophic and unicellular microalgae, is an alternative source of protein, pigments, essential fat oil, vitamins, antioxidants and immunositimulants for both human food and animal (terrestrial, freshwater and marine) feed purposes (Belay et al., 1996) . Also, it can be easily and cheaply recovered by filtration from the medium on account of its relatively large size. S. platensis, contain a variety of functional groups such as carboxyl, hydroxyl, sulphate and other charged groups which are responsible for metal binding (Li et al., 2006) . It depends not only on the total and free metal concentrations, but also on the range of environmental and physiological factors influencing both chemical metal speciation and metal uptake by the cells (Pawlik, 2000) . In this study, effects of different pH rates (6, 8 and 9) and the different forms of lead [Pb(NO 3 ) 2 , and Pb(CH 3 COO) 2 ] on lead accumulation on marine phytoplankton: S. platensis (as the most popular culture and toxicant bioabsorbant species) were examinated. In addition, the effects on the growth parameters (chlorophyll-a and drywet weight) and proline content were determined.
MATERIALS AND METHODS

S. platensis cultures
S. platensis-M2 obtained from the Plankton Culture Laboratory at University of Cukurova, Adana, Turkey, was used in this study. It was grown at 28 ± 2°C in Zarrouk's medium (Zarrouk, 1996) for eight days under white flourescent light (90 µmol photon m -2 s -1 ) with 24 h illumination. All the chemicals were of analytical grade. All the procedures were performed under aseptic conditions using three triplicates.
Experimental plan
To examine the effect of heavy metal stress on the test organism (S. platensis-M2), inorganic form of Pb (as Pb(NO3)2) and organic form of Pb (as Pb(CH3COO)2) were added to the growth medium (fresh) (Zarrouk's medium) in calculated amount to obtain the final concentration of 30 mgl -1 . Each test was carried out in 2000 ml polyetilene bottles. The initial pH value of the solution was adjusted between 6, 8 and 9 by adding nitric acid (0.1M) or sodium hydroxide (0.1 M). The experiments were conducted at 28°C. Culture samples (10 ml) were collected by centrifugation (3000 rpm) at intervals of 1, 2, 3, 6, 12, 24, 96, 144 and 192 h. The composition of the test mediums, initial pH values and the chemical form of lead were used as shown in Table 1 .
Sample analysis
Chlorophyll a values were determined according to the method of Parson and Strickland (1963) . The amounts of cellular chl a were calculated using the highest cell abundance and chl a values (chlorophyll-a concentration; µ gl -1 ) divided by cell abundance (cell L -1 ) (Guillard, 1973) . Dry weight for samples containing 10 ml algal suspension was filtered through a filter of 47 mm (diameter) (Whatman GF/C) that was dried in microwave oven (105°C in 8 min) and weighed prior to filtration. The filter was put in a glass Petri dish in the oven under the earlier mentioned conditions. After cooling the filter in a desiactor (20 min), it was weighed again (Boussiba and Richmond, 1976) . Proline content was determined according to method of Bates et al. (1973) .
Determination of lead
The samples were filtered for metal analysis and digested using concentric nitric acid and hydrocloric acid according to the procedure described by Karadede and Ünlü (2000) using concentrated HNO 3 /HCI (1:3 v/v). The digested samples were then diluted to 50 ml with 2.5% of HNO 3 . The concentration of lead in the samples was determined by inductively coupled plasma atomic emission spectrometer (ICP-AES) (varian model -Liberty Series II). The absorption line used was 283.3 nm for lead, and metal concentrations were calculated in micrograms per gram wet weight (µg g -1 wet wt.). 
Statistical analysis
Data were analyzed statistically using one way analysis of variance (ANOVA). When significant treatment effects were detected, Duncan's multiple range test was used to identify specific differences among treatment means at a probability level of 5%.
RESULTS AND DISCUSSION
The results obtained for different pH and lead forms in cultures grown for 192 h (8 days) are shown in Table 2 . As seen in ) were recorded in two groups (E5 and C3). Statistical differences between all studied groups were significant (P<0.05).
When data from the control groups were observed, it was seen that the highest growth was in E5 group at pH 6. In addition, wet weight results were consistent with the fact that initial pH value and Pb form affected algal growth. Similar to our results, a limitation of phytoplankton growth and photosynthesis at elevated pH levels was supported by Chen et al. (1994) . The decrease in both growth rate and photosynthesis at high pH may have been caused by a number of different mechanisms including trace metal toxicity or limitation, reduced nutrient availability, or changes in the availability of carbon substrate (Chen et al., 1994) .
The highest Pb uptake value was 58.74 µg/g at initial pH 6 (C3). The uptake was affected by pH value and Pb form. Many factors affect the behavior of metal sorption by algae, including pH, alkalinity, chelating (humic acid, EDTA and NTA), ion intensity, metal form and algal concentrations, temperature, light and exposure time. Perhaps, the most important single influencing parameter on metal uptake is pH (Gin et al., 2001) . Gin et al. (2001) reported in their study on the effect of the relationship between the initial pH and the final pH values on the metal uptake, that pH value increased following the uptake of the metal, while the increase in pH value led to metal precipitation, thus inhibiting the availability of the uptake and they also pointed out that initial low pH positively affected the metal uptake stage, which all support our study.
According to Xue et al. (1988) , the absorption capacity of marine algae would be due to the functional groups present on the cell surface, mainly protein -COO-1 groups and functional chains of amino acids such as histidine, cysteine, aspartic acid and glutamic acid. In particular, carboxylic group was shown to bind lead (II) effectively, probably because of its bidentate structure. Bai and Abraham (2002) had revealed that acetylation of amino and hydroxyl groups of Rhizopus nigricans biomass obviously reduced the chromium biosorption. These facts indicate the important role played by carboxy, amino and hydroxyl groups in the biosorption of heavy metals. The dry weight and chl a values in Al, B2 and D4 groups were lower than that of group C3, in consequence, organic form of Pb [Pb(CH 3 COO) 2 ] might be less effective at pH 6. Algae may become tolerant to metal stresses through a variety of mechanisms, such as intracellular binding with metal ions (Rauser, 1984 , Lee et al., 1996 , extracellular exclusion of metal ions (Foster, 1977) , or a reduction of metal uptake (Singh and Yadava, 1986) . It was found that Pb(NO 3 ) 2 at pH 6 and 8 were more toxic than their CH 3 COO 2 counterparts. The fact that relatively high Pb accumulation in C3 group did not affect the growth of S.platensis indicates that there is no proportional relationship between the higher metal accumulation and ıts toxicity. At the same, Pb was detoxified by a stress mechanism developed by the cells.
In this study, it was observed that heavy metals induced enhancement of intracellular proline content in the cyanobacterium, S. platensis (Table 2) , making it more resistant to environmental stresses. The highest proline accumulation values (0.1477 ± 0.0006 and 0.1007 ± 0.0006 µg/g) were determined in A1 [Pb(NO 3 ) 2 at pH 6 and B2 [ Pb(NO 3 ) 2 ) at pH 8 groups. There were significant differences in proline contents in the control and in other groups (P<0.05). While chlorophyll a content decreased with increasing proline content, it showed a rising trend under all heavy metals stresses tested (Table  2) . It seems that an inverse correlation exists between proline accumulation and chlorophyll content under heavy metal stress.
The accumulation of proline was found to be directly related to the toxicity order of heavy metal forms [Pb (NO 3 ) 2 at pH 6 >Pb (NO 3 ) 2 at pH 8> Pb(CH 3 COO) 2 at pH 8 > Pb(CH 3 COO) 2 at pH6 ], that is, minimum accumulation was observed in cultures grown with Pb (NO 3 ) 2 at pH 8 and maximum accumulation in cultures grown with Pb (NO 3 ) 2 at pH 6.
Proline accumulation in higher plants under heavy metal stress has been reported by many workers (Alia and Saradhi, 1991; Bassi and Sharma, 1993a, b; Hanson and Burnet, 1994; Ashraf and Harris, 2004; Mansour et al., 2005) . Although, also reported in algae (Wu et al., 1998) , there are few reports (including those of the authors) on the effect of heavy metal stress on proline content in cyanobacteria (Wu et al., 1995; . Fatma et al. (2007) reported increased proline in Westiellopsis prolifica (Cyanobacterium) under Pb and Cd heavy metal stress.
It was also found that environmental stress-induced proline accumulation is also correlated with metal forms and pH levels. From these findings, it can be concluded that proline appears to be a stress-induced substance in the cyanobacterium, S. platensis, and that it helps to resist adverse environmental conditions (forms of heavy metals and pH of culture medium). Thus, a cyanobacterium with the potential of synthesizing more proline, or a genetically engineered resistant cyanobacterium, may prove to be a promising candidate for the bioremediation of aquatic pollution.
